Oxygen non-stoichiometry and the origin of Na ion ordering in P2-Naj;Co02 
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The impact of oxygen deficiency on physical properties of Na2/3Co02-(5 has been investigated. 
From the combined thermogravimetric, magnetic susceptibihty and synchrotron X-ray Laue diffrac- 
tion studies, it is demonstrated that Na2/3Co02 shows no superlattice ordering due to Na ions; 
however Na2/3CoOi.98, which has the same Co valence as that of Nao.7iCo02, shows nearly identi- 
cal magnetic and transport properties and the same simple hexagonal superlattice ordering of vT2a. 
It is proposed that the Na ion ordering found in Na2/3CoOi.98 is identical to the ideal Nao.7iCo02 of 
large vT2a x vT^a x 3c superlattice but with additional Na vacancies which are bound to the oxygen 
defects at room temperature. We conclude that oxygen vacancies play a key role in stabilizing the 
superlattice structure and must be accounted for in its modeling. 

PACS numbers: 68.65.Cd, 61.50.Nw, 61.72.jd, 75.20.-g 



I. INTRODUCTION 

P2-NaajCo02 (also called 7-phase) is composed of al- 
ternating layers of Na and C0O2 with a hexagonal in- 
plane network that can be described by space group 
PGs/mmci Na vacancy ordering has been an important 
subject both experimentally and theoretically following 
the discovery of rich phase diagram of Naa^Co02^ from 
the A-type antiferromagnetic (AF) ordering for x>0.75, 
to AF and metal-to- insulator transitions near x=0.5, and 
the superconductivity found in the hydrated sample of x 
^ 1/3.— In particular, the discovery of Na superlattice 
described by the multi-vacancy cluster model proposed 
by Roger et al. has generated additional interest in the 
exploration of the origin of Na vacancy ordering and its 
impact on the title compound.^^ 

We have demonstrated that the particularly stable 
phases found near 0.71, 0.50, 0.33, and 0.25 also show 
sharp drop of the Na atom diffusion coefficients at room 
temperature.^ However, it is quite surprising that the 
commonly predicted stable phases near x = 3/4 and 2/3 
do not exist, as revealed by our single crystal electro- 
chemical de-intercalation studies at room temperature. 
The Na superlattice as a result of Na ion ordering has 
been solved satisfactorily for x ~ 0.833, 0.820, 0.77 and 
0.71 so far, based on Na multi-vacancy model of di-, 
tri-, and quadri- vacancy cluster ordering.^ ^ For exam- 
ple, X = 0.71 is composed of alternating Na layers with 
tri- and quadri- vacancy clusters ordered in a large simple 
hexagonal superlattice of size V^^a.^'- The implication of 
such Na vacancy ordering has helped us understand the 
origin of small cross sections of the Fermi surface hole 
pockets observed by Shubnikov-de Haas oscillation and 
the intriguing coexistence of metallic conductivity with 
Curie- Weiss behavior. This led us to propose that the 
Na vacancy ordering creates one special partial localiza- 



tion environment for the doped holes, i.e., part of the 
charge is localized near the vacancy center and the rest 
are itinerant throughout the vacancy-free region. 

While Na vacancy is unavoidable for Naa;Co02 sam- 
ples prepared under ambient pressure, even under pure 
oxygen environment, the most probable Na content for 
samples prepared using solid state reaction is usually in 
the range of 0.75-0.85 J^ Different vacancy ordering pat- 
terns for X = 2/3 have been proposed based on density 
functional theory calculations J^ii^ However, single crys- 
tal diffraction studies on Naa;Co02 have not revealed any 
signature of Na ion ordering for x = 2/3,^ On the other 
hand, Platova et al. have proposed based on NMR and 
X-ray diffraction results, that a simple hexagonal super- 
lattice of \/T2a exists in Na2/3Co02 where powder sam- 
ple were carefully prepared under oxygen environment at 
700° C and quenched. ^^ The proposed microscopic struc- 
ture is very different from the tri- and quadra-vacancy 
layer model we proposed for Nao.7iCo02. It is very sur- 
prising that the physical properties of their samples are 
very similar to ours despite the difference in Na concen- 
tration and their proposed superlattice size is identical 
to that found in Nao.7iCo02 based synchrotron X-ray 
Laue and electron diffraction studies on single crystal 
sample with electrochemically fine-tuned x.— ^^ We have 
pointed out previously that the controversy could have 
resulted from differences in oxygen content,^ i.e., the 
identical >/T2a simple hexagonal superlattice is a result 
of identical average Co valence between Nao.7iCo02 and 
Na2/3CoOi.98. Herein, we provide conclusive evidence 
to resolve the controversy regarding the \/T2a superlat- 
tice ordering observed in x = 2/3. It turns out that 
oxygen content plays an important factor that cannot 
be ignored when discussing all related physical proper- 
ties in the Naa;Co02-5 system. The nature of immobile 
and randomly distributed oxygen vacancy at room tem- 



perature renders the Na ion ordering more complicated, 
especially when the ordering along the c- axis (staging) 
is considered as well^i^ 



II. EXPERIMENT 

Single crystal samples have been prepared from 
floating zone method growth, following an additional 
electrochemical de-intercalation technique as reported 
previously/ Oxygen environment with pressure higher 
than 8 atm has been kept in the optical floating-zone 
growth chamber to reduce Na loss due to evaporation 
and the generation of C03O4 impurity phase in particu- 
lar, to prevent the occurrence of oxygen deflciency. High 
quality single crystal Naa:Co02 of x ~ 0.84 could be 
obtained reproducibly starting from polycrystalline feed 
rod prepared from Na2C03 and C03O4 of Na:Co=0.85:l 
ratio. Samples with Na content of 0.71 and 2/3 were 
prepared from electrochemical de-intercalation as re- 
ported previously,^ where the as-grown crystal sample 
of Nao.84Co02 was used as working electrode, Pt as 
counter electrode, and Ag/AgCl with sieved liquid junc- 
tion as reference electrode. The applied voltages relative 
to Ag/AgCl refer ence electrode were 0.05V and 0.20V 
for the preparation of x=0.71 and 2/3, respectively. Elec- 
tron probe microanalysis (EPMA) has been performed on 
freshly cleaved inner surfaces to verify the chemical com- 
position of each element. Perkin-Elmer TG/DTA was 
used for thermal gravimetric analysis. Synchrotron X- 
ray Laue diffraction for superstructure investigation was 
performed at the NSRRC, Taiwan and magnetic suscep- 
tibility measurement was done using Quantum Design 
SQUID-VSM. 



III. RESULTS AND DISCUSSIONS 

Nao.7iCo02 sample can be prepared through electro- 
chemical de-intercalation method precisely, as indicated 
by the diverging diffusion coefficient derived previously.^ 
However, the target Na concentration for Na2/3Co02 
is very hard to obtain precisely, partly because of its 
metastable nature. We have prepared sample with x = 
0.67±0.01 and verifled by both the X-ray lattice param- 
eter analysis of linear c(x) extrapolation reported previ- 
ously and EPMA to conflrm this crucial concentration for 
this study. Additional oxygen control has been performed 
using TGA scan under various gas flows, including oxy- 
gen and air, up to 950K. The as-prepared single crystal 
samples of nearly oxygen deflciency-free samples for x 
= 0.71 and x = 2/3 have been ground into powder and 
go through additional annealing under TGA as shown in 
Fig. [TJ We flnd that a signiflcant weight loss occurs for x 
= 2/3 only near 700K and this weight loss is recoverable 
under oxygen. On the other hand, x = 0.71 sample is sta- 
ble at the same temperature range, whether the flowing 
gas is oxygen or air. The reversible weight loss for x = 2/3 
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FIG. 1. (Color online) TGA scan for Nao.TiCoOa and 
Na2/3Co02 single crystal prepared by electrochemical tech- 
nique. The scan has been done with warming/cooling rate of 
0.5K/min in an oxygen environment. 



sample near 700K is about 0.30 wt%, which corresponds 
to an oxygen loss of 0.02. Interestingly, the Co valence 
of Nao.7iCo02 and Na2/3CoOi.98 are identical, and this 
thermal analysis suggests that the most stable average 
Co valence is near +3.29. To prepare oxygen deflcient 
Na2/3CoOi.98 single crystal sample for further study, we 
annealed the as-prepared Na2/3Co02 single crystal sam- 
ple at 700 °C for 12 hours and quenched, similar to the 
method used by Platova et al. on their powder sample J^ 
We believe that the powder sample studied by Platova et 
al. has an oxygen deflciency level about 0.02 as described 
above. 

It is instructive to compare the Laue diffraction pat- 
terns of Nao.7iCo02, Na2/3Co02, and Na2/3CoOi.98 as 
shown in Fig. O The Laue pattern of Nao.7iCo02 shows 
perfect superlattice of V^^a as reported previously.^ The 
superstructure of Nao.7iCo02 has been modeled to be 
composed of alternating layers of sodium tri- (T) and 
quadri- vacancy (Q) clusters ordered in simple hexago- 
nal shaped Additional structure reflnement suggests that 
these alternating layers of TQTQTQ stacking has a 3c 
periodicity described by a right-hand screw symmetry ad- 
vanced Na-trimers along the c-axis/^ While Na2/3Co02 
shows no superlattice formation, as indicated in Fig.[2fb), 
Na2/3CoOi.98 reveals a superstructure nearly identical to 
that of Nao.7iCo02 in the reciprocal space. We note how- 
ever, that detailed comparison of Laue patterns in Fig. [2] 
shows some systematic missing of superlattice diffrac- 
tion planes for Na2/3CoOi.98 as comparing with that of 
Nao.7iCo02, which suggests that even though these two 
samples possess identical superlattice size of A/T2a, subtle 
difference must exists as suggested by the NMR studies J^ 
These results seem to suggest that similar Na ion order- 
ing can be achieved as long as the average Co valence is 
close to +3.29. 
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FIG. 2. (Color online) The Laue patterns for (a) Nao.7iCo02, 
(b) Na2/3Co02, and (c) Na2/3CoOi.98 taken along [001] di- 
rection at room temperature. The strong diffraction peaks 
are indexed as [100] and [010] of the primitive cell with size 
a constructed by Co ions, and the six superlattice peaks in 
hexagonal shape surrounding each primitive index correspond 
to a real lattice of size vT2a. 



Experimentally Nao.7iCo02 has been shown to be the 
most stable phase as indicated by its significant sharp 
drop of the diffusion coefficient and the convincingly re- 
fined crystal structure of Na tri- and quadri- vacancy clus- 
ter stacking of vT2ax >/T2ax3c superlattice ordering ^i^ 
the observed identical superlattice size suggests that 
Na2/3CoOi.98 can very well be a defect type variation ^ula unit for Nas/aCoOi.gs must be tolerated in order to 



FIG. 3. (Color online) Magnetic susceptibility data for 
Nao.7iCo02, Na2/3Co02, and Na2/3CoOi.98 in applied field 
of 1 Tesla. The inset demonstrates the reliability of Curie- 
Weiss law fitting through difference between measured data 
and fitted equation of Xo+C/(T-^) with parameters shown in 
Table H 



tional Na vacancies will appear. Then on average the 
two tri-vacancy layers become quadra-vacancies result- 
ing in 8 Na per 12 cobalt atoms, i.e., we are led to a 
defect type Nao.7iCo02 structure of Na2/3CoOi.98 sto- 
ichiometry. Another way of saying is that the oxygen 
vacancy is frozen in place randomly but the Na is mobile 
at room temperature. The additional missing Na (rela- 
tive to 0.71) will be bound close to the missing oxygen 
in order to maintain the \/T2a superlattice. The rea- 
son for this stability presumably has large contribution 
from Madelung energy, so it is at least partly electron 
driven. In fact Nicolaou et al. have also proposed that 
the stacking layer potential could create a special charge 
ordering within the C0O2 layer based on their ARPES 
experimental results. ^^ 

The superlattice found in Na2/3CoOi.98 must be ro- 
bust because it is prepared from a high temperature 
quenching procedure of easy disorder introduction, while 
Na2/3Co02 is prepared from a slow cooling process un- 
der oxygen atmosphere. We must note that oxygen va- 
cancy is not mobile at room temperature while Na ion 
self diffusion is active above '-«^150-200K. The randomly 
distributed oxygen vacancy at the level of ~0.02 per for- 



^2/3 

of the ideal Nao.7iCo02. To provide a more quantita- 
tive description to the current finding, let us take as an 
empirical fact that Nao.7iCo02 with the tri- and quadri- 
vacancy ordering is most stable. The Na2/3CoOi.98 with 
oxygen vacancy means that for every 48 Co atoms, one 
oxygen is missing, i.e., 1 out of 4 A/T2ax^/T2a supercell 
contains an oxygen vacancy. In order not to pay too 
much Coulomb energy for the 0^~ vacancy two addi- 



allow Na layer to form a superstructure similar to that 
of Nao.7iCo02, It is difficult to understand within the 
proposal of Platova et al. for Na2/3Co02 why oxygen 
vacancies are needed to stabilize the superlattice struc- 
ture. In any case, based on our findings it is clear that 
the role of oxygen deficiencies need to be accounted for 
in the modeling of the x = 2/3 material. 

Magnetic susceptibility measurement results are sum- 



TABLE I. Summary of magnetic susceptibility data analysis 
for Na2/3Co02, Na2/3CoOi.98, and Nao.7iCo02 fitted using 
equation Xo+C/(T-6') in the range of --100-300K. 



sample 


Xo(cm^/mole) C(cm^ K/mole) 


0) 


Na2/3Co02 


0.00049(3) 0.099(2) 


-96(2) 


Na2/3CoOi.98 


0.00054(5) 0.109(2) 


-60(2) 


Nao.7iCo02 


0.00034(2) 0.106(1) 


-62(1) 



marized in Fig. [3l The displayed data are powder aver- 
age of the single crystal measurement, i.e., 2/3xa6+l/3Xc 
without considering the minor correction of in-plane 
anisotropy. There is no magnetic anomaly found down to 
2K for all three samples. The Curie- Weiss behavior for 
a system with metallic property has long been a puzzle^ 
and it transforms from Curie- Weiss to Pauli-like behavior 
only when x is reduced to the level of nearly half-filled 
Na layer. ^ Based on our proposed Na vacancy cluster 
model published previously,^ Na tri- and quadri- vacancy 
cluster superlattice ordering could be responsible for the 
Curie- Weiss metal behavior, i.e., part of the doped holes 
are localized near the Na vacancy cluster center while 
the rest are itinerant. Both localized and itinerant elec- 
trons should contribute to the magnetic susceptibility. 
We propose that the total magnetic susceptibility should 
include contributions from temperature independent core 
diamagnetic x^^^^? v^in Vleck paramagnetic x^^ i Pauli 
paramagnetic x^^^^% and the spin susceptibility from lo- 
calized spins which are tentatively described by a Curie- 
Weiss like behavior of C/{T-0). The Curie- Weiss be- 
havior for all three samples has been fitted following an 
equation of Xo+C/(T-6>) in the range of 100-300K quite 
satisfactorily as seen in the inset of Fig. O where C cor- 
responds to the number of localized spins, Weiss tem- 
perature indicates the mean field average of the mag- 
netic coupling strength among isolated spins, and Xo = 
^core^^vv^^Pauii^ rj^^^ ^^^^^ parameters for x(T) de- 
scribed by the Curie- Weiss law are shown in Table [H The 
fitted Xo values do not provide reliable physical mean- 
ing before each individual contribution can be analyzed. 
It is not surprising to find that C and are about the 
same for Nao.7iCo02 and Na2/3CoOi.98, which implies 
that the quantity and the coupling strength of isolated 
spins are nearly identical. Na2/3Co02 shows less isolated 
spins even though more holes are introduced compared 
with Na2/3CoOi.98. Clearly, formation of long-range Na 
multi- vacancy cluster ordering such as that demonstrated 
by the ideal Nao.7iCo02, is prohibited in Na2/3Co02, un- 
less oxygen vacancy is introduced. 

The co-existence of local moments and itinerant elec- 
trons is a complicated many-body problem which is not 
fully understood. The data fitting using Curie- Weiss law 
plus Pauli is only a crude beginning. For instance, the C 
coefficient found for Nao.7iCo02 corresponds to a 6* = ^ 
local moment per doped hole, which is clearly inconsis- 
tent with metallic behavior. We also acknowledge that 
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FIG. 4. (Color online) In-plane resistivities for Nao.7iCo02, 
Na2/3Co02, and Na2/3CoOi.98- 



another point of view has been proposed in the literature, 
i.e., the Curie- Weiss behavior signifies an almost ferro- 
magnetic metal^^, as described, for instance, by the self 
consistent renormalized (SCR) spin fluctuation theory^ 
However, in the standard SCR theory, the spin suscepti- 
bility saturates at low temperatures leading to Fermi liq- 
uid behavior whereas in the present system x continues 
to rise down to 4 K (as seen in Fig. 3). Such a low Fermi 
liquid scale is not expected without fine tuning. Further- 
more, the resistivity exhibits a linear T dependence below 
100 K and cross-over to T^-^ below 4 K, while the spe- 
cific heat exhibits TlnT dependence^ At the moment, 
neither the itinerant spin fluctuation model nor the par- 
tial local moment picture is capable of explaining these 
anomalies. We leave this complicated and interesting is- 
sue open for future discussions. The main point of the 
present analysis is simply that the magnetic properties 
of Nao.7iCo02 and Na2/3CoOi.98 are very similar, while 
that of Na2/3Co02 has distinctly different C and 6. 

We have also performed 4-probe resistivity mea- 
surements on the Nao.7iCo02, Na2/3Co02, and 
Na2/3CoOi.98 crystals as shown in Fig [H For 
Nao.7iCo02, the resistivity shows metallic behavior and 
drops with decreasing temperature. There is a crossover 
at about 100 K, below which the resistivity becomes prac- 
tically linear in T. Similar behavior has also been ob- 
served in Na2/3Co02 and Na2/3CoOi.98. However, such 



deviation from the T-linear dependence at low temper- 
ature is evident and more significant in Na2/3Co02. In 
addition, we note that the resistivity value is more than 
twice as large in Na2/3Co02 at low temperature, which 
suggests a shorter carrier lifetime due to a more disor- 
dered phase in Na2/3Co02. These observations are in 
accord with the absence of Na superstructure ordering 
as mentioned earlier and also imply an intimate correla- 
tion between the Na ordering and the Co la yer electronic 
structure. 
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FIG. 5. (Color online) Longitudinal (LMR) and orbital 
(OMR) magnetoresistance for Nao.7iCo02, Na2/3Co02, and 
Na2/3CoOi.98 are compared under magnetic field of 14 Tesla. 



Longitudinal magnetoresistance (LMR) and transverse 
magnetoresistance (TMR) were measured for the three 
samples, where LMR and TMR were obtained under a 
magnetic field up to 14 Tesla applied parallel and per- 
pendicular to the C0O2 plane, respectively. The orbital 
magnetoresistance (OMR) was determined by subtract- 
ing TMR with LMR in order to exclude the spin related 
contribution to the TMR. A comparison of LMR and 
OMR for the three samples is shown in Fig. [5l The 
OMR is positive for all three samples with quadratic 
magnetic field dependence as expected from orbital con- 
tribution, which is simply proportional to the square of 
carrier mobility. Na2/3Co02 shows smaller OMR than 
that of Nao.7iCo02 and Na2/3CoOi.98, which infers a 
shorter carrier lifetime in a more disordered Na2/3Co02 
as expected. On the other hand, LMR is typically derived 
from spin effect, where the negative LMR is most likely 



associated with the suppression of spin scattering due to 
the field alignment of localized moment. We find that the 
LMR in Na2/3Co02 is nearly half of that in Nao.7iCo02 
and Na2/3CoOi.98 at low temperature, which suggests 
less spin scatterers in the system. Again, the main point 
is the similarity between Nao.7iCo02 and Na2/3CoOi.98 
and their contrast with Na2/3Co02. We also remark that 
the extraction of carrier density from Hall coefficient data 
is not possible because of its strong temperature depen- 
dence due to strongly correlated nature. 



IV. CONCLUSIONS 

In summary, using single crystal samples of well con- 
trolled oxygen and sodium content, we have provided 
strong evidence to resolve the controversy of superlat- 
tice ordering found in Naa;Co02 of x=0.71 and 2/3. 
Synchrotron X-ray Laue diffraction results indicate that 
there is no sodium ordering in Na2/3Co02 at room tem- 
perature, while Na2/3CoOi.98, which has identical Co 
valence to that of Nao.7iCo02, shows identical vT^a 
simple hexagonal superstructure to that of Nao.7iCo02, 
also with nearly identical magnetic and transport prop- 
erties. These results imply that Nao.7iCo02 with 
\/T2ax\/T2ax3c superlattice is the most stable structure 
at this particular concentration, while Na2/3CoOi.98 of 
identical average Co valence possesses a nearly identi- 
cal Na superstructure and magnetic properties with the 
help of oxygen defect generation. This proposed model 
is supported in part by the higher resistivity found in 
Na2/3Co02 without Na superstructure. Studies on Na 
ion ordering based on screened inter-sodium interaction 
without considering the involved oxygen deficiency could 
result in misleading prediction or interpretation. 
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